The faults' geometry and their seismic activity beneath the Marmara Sea have been under debate for a couple of decades. We used data recorded by three ocean bottom seismographs (OBSs) over a period of 3 months in 2014 to investigate the relationship of fault geometry to microseismicity under the western Marmara Sea in Turkey. We detected a seismic swarm at 13 to 20 km depth beneath the main Marmara fault (MMF), and the maximum depth of seismogenic zone was 25 km within the OBS observation area. These results provided evidence that the dip of the MMF is almost vertical and that the seismogenic zone in this region extends into the lower crust. Our analysis of past seismicity indicated that the seismic swarm we recorded is the most recent of an episodic series of seismic activity with an average recurrence interval of 2-3 years. The repetitive seismicity indicates that the MMF beneath the western Marmara Sea is coupled and that some of the accumulated strain is released every 2 to 3 years. Our study shows that OBS data can provide useful information about seismicity along the MMF, but more extensive studies using more OBSs deployed over a wider area are needed to fully understand the fault geometry and stick-slip behavior of faults under the Marmara Sea.
Background
The North Anatolian fault (NAF) extends 1600 km from its junction with the East Anatolian fault at the Karliova triple junction in eastern Turkey. From the triple junction, it extends westward across northern Turkey and into the Aegean Sea, accommodating about 25 mm/year of right-lateral motion between the Anatolia and Eurasia plates (e.g., Reilinger et al. 2006) (Fig. 1) . Since 1939, a sequence of devastating earthquakes of surface-wave magnitude greater than seven (M s > 7) have ruptured progressively westward along the NAF, starting with the 1939 Erzincan earthquake (M s = 7.9) in eastern Turkey and culminating in the 1999 Izmit-Golcuk (M s = 7.7) and Duzce (M s = 7.4) earthquakes in the eastern Marmara region. After the Northern Aegean earthquake (M w = 6.9) on 24 May 2014, the only part of the 1600-km-long NAF that has not ruptured since 1939 lies beneath the Marmara Sea, where its geometry is not well understood.
Past estimates of the geometry of the NAF beneath the Marmara Sea have been based mainly on bathymetric and shallow structural information. Pinar (1943) is the first study that proposed a single through going strikeslip fault system (the main Marmara fault; MMF) that nearly bisects the Marmara Sea. Le Pichon et al. (2001) proposed a more detailed location of MMF based mainly on high-resolution bathymetry and shallow seismic reflection data. However, Armijo et al. (2002 Armijo et al. ( , 2005 identified earthquake scarps on the seafloor that suggest the presence of individual fault segments oblique to the east-west trend of the NAF, some of which they interpreted as normal faults related to opening of the Marmara Sea. To investigate the potential for future earthquakes beneath the Marmara Sea, it is necessary to clarify the fault geometry there and to know which faults are active.
Investigation of microearthquake activity might provide useful information about fault geometry and the stick-slip behavior of individual faults. However, onshore seismic stations provide insufficient data to clarify the fault geometry beneath the Marmara Sea. To obtain more-detailed information about fault geometry and seismic activity beneath the western Marmara Sea, in March 2014, we deployed three ocean bottom seismograph (OBS) stations as part of the "Marmara Disaster Mitigation" (MarDIM) project. Here, we present the results of our first observations and discuss the fault geometry beneath the western Marmara Sea and the spatiotemporal distribution of the seismicity we detected.
Methods
We deployed three free-fall pop-up OBSs in the Western High region of the Marmara Sea on March 20, 2014 and recovered them on June 18, 2014 (Fig. 2) . The OBSs were equipped with three-component 4.5 Hz geophones and hydrophones (Takahashi et al. 2015) and were placed about 10 km apart on the seafloor to allow determination of the focal depths of shallow microearthquakes along the NAF. The locations of the OBSs were determined by triangulation. Clock accuracy of better than 0.05 s was determined by calibration of the OBS clock with GPS time just before deployment and immediately after recovery. The sampling interval was 100 Hz. Although one OBS (site 1) operated for only the first 6 days of observations, the other two (sites 6 and 7) functioned properly throughout the 3-month observation period.
We first identified microearthquakes that had not been recorded by the land seismic network and determined their hypocenters from the first 6 days of data when all three OBSs were operational. Although only 1 earthquake is listed for that period in the Kandilli Observatory and Earthquake Research Institute (KOERI) earthquake catalogue within the OBS network, we identified 41 events for which at least 5 (of the possible 6) P-and S-wave first arrivals were observed; the hypocenters of two-thirds of these were within the OBS network. The slip rate of the NAF is that of Reilinger et al. (2006) . The three focal mechanisms shown are from the global CMT catalogue (Dziewonski et al., 1981; Ekström et al., 2012) . Epicenters of earthquakes occurred between 1990 and 2014 (M w > 6) from the United States Geological Survey catalogue are shown by yellow stars. b Location and year of occurrence of past large earthquakes along the NAF We calculated hypocenters by using the HYPOMH program (Hirata and Matsu'ura 1987) . In this region, Gurbuz et al. (2000) previously developed a minimum 1-D velocity model for land seismic stations by using the VELEST program (Kissling et al. 1994) , and Bayrakci et al. (2013) developed a detailed shallow offshore Pwave structure based on data from an active-source seismic survey. We established our 1-D P-wave velocity model by combining these two previous velocity models (Fig. 3) . At each station, we corrected for the travel time delays of S-wave arrivals due to the low-velocity shallow sediment layer by using the differences between the arrival times of P-S converted waves and direct P-waves. A Vp/Vs of 3 within the shallow sediment layer was assumed (Tonegawa T, Shiomi K, Yamamoto Y, Takahashi N, Citak SO, Pinar A, Kalafat D, Kaneda Y: Vp/Vs and shear wave anisotropy of marine sediments in the Sea of Marmara, submitted), and then the station correction values for S-wave arrivals became 0.635 s (sites 1 and 7) and 0.762 s (site 6). Earthquake magnitudes were determined from the maximum amplitude of the vertical component (Watanabe 1971) . Although this estimation has uncertainty of ±0.3 on average, the most of their value is less than 1.4. Since the obtained value of one KOERI-catalogued earthquake consists with the local magnitude determined by KOERI, we consider the magnitude of newly identified events in this study as reasonable, and these events were too small to detect by using only land seismic stations. The average errors Gurbuz et al. (2000) and red line shows our modification of that model based on the model of Bayrakci et al. (2013) of calculated hypocenters were about 0.75 km horizontally and 1.25 km vertically. We also recalculated the hypocenters for each of the earthquakes in the KOERI earthquake catalogue during the time of our observations by combining the land data and our OBS data. We adopted the 1-D velocity model of Gurbuz et al. (2000) for the land stations. The velocity model we used for the OBS data was the same one we used for hypocenter determinations for the initial 6 days of OBS data (Fig. 3) .
The KOERI earthquake catalogue records 28 earthquakes in the western Marmara Sea during the 3 months of our observations, 8 of which occurred within the OBS network. The average error of the hypocenters for these eight events was about 0.25 km horizontally and 0.40 km vertically.
Results and discussion

Seismicity and fault geometry
Hypocenters determined from data recorded by all three OBSs during the first 6 days of observation (Fig. 4) show that most of them lie close to or a little south of the seafloor trace of the MMF. In particular, we noted a cluster of events (cluster-A in Fig. 4 ; Table 1) along the MMF at depths of 13-20 km.
The hypocenters of two cluster-A events (events 6 and 7 in Table 1 ) were close together and deeper than the others. To further investigate the relationships among the cluster-A events, we calculated correlation coefficients (CCs) of vertical (up-down; UD) and horizontal component waveforms in the 4-8 Hz frequency band for all pairs of cluster-A events. For the master waveforms for these correlations, we used an 8 s continuous record that started 0.5 s before the P-wave arrival. We then searched for the maximum CC for the UD component within ±0.1 s of the P-wave arrival of the slave event (Fig. 5a ). We calculated CCs for the horizontal components at the times corresponding to the maximum CC for the UD components (Fig. 5b) . The CCs obtained and the similarities of the waveforms of events 6 and 7 (Fig. 5c ) suggest that these 2 events occurred close together and differ from the other 11 events in cluster-A. Furthermore, the S-P times for these 2 events at site 1 and 6 were 0.5 s longer than those of the other 11 events (Fig. 5c, d ). Thus, we consider that this depth variation of the cluster-A events is well constrained.
To investigate the effect of station corrections on hypocenter determinations for cluster-A events, we tested Vp/ Vs of 2.5 and 3.5 for the shallow sediment layer (Fig. 6 ). These analyses indicated that both the longitude and depth of the hypocenters determined depend on the assumed Vp/Vs. Longitudes and depths determined using Vp/Vs of 2.5 and 3.5 differed by about 0.02°and 2 km, respectively. However, the latitude of event hypocenters was not affected by the different Vp/Vs tested, especially for cluster-A events; thus, we inferred that the cluster-A events occurred beneath the seafloor trace of the MMF and that the dip of the MMF is approximately vertical.
We also examined the P-wave first motions of the UD components of cluster-A events recorded at the three OBSs. At site 6, first motions were clearly upward (compressional) for all cluster-A events; at site 7, no cluster-A events showed upward, and some of them showed clear downward first motions; and at site 1, there were both upward and downward (dilatational) first motions. If it is assumed that site 1 is near the nodal plane, these observations are consistent with the generally accepted right-lateral strike-slip on the fault plane of the NAF.
Outside cluster-A, there are three other events near the MMF for which six P-and S-wave first arrivals were identified (events B, C, and D in Fig. 4) . The polarities of the first arrivals of events B and C are also consistent with right-lateral fault motion, but those of event D are upward at all OBSs and consistent with normal fault. On the basis of focal mechanism analysis, an earthquake generated by a normal fault movement close to the hypocenter of event D was reported (Nakano M, Citak S. Kalafat D: Focal mechanism determinations of earthquakes along the North Anatolian fault, beneath the Sea of Marmara and the Aegean Sea, submitted). We therefore suggest that event D occurred on an oblique sub-fault of the MMF that may be related to spreading in the central basin of the Marmara Sea. There have been many interpretations of the locations and mechanisms of sub-faults associated with the MMF (e.g., Armijo et al. 2002; Grall et al. 2013) , and variations of focal mechanism solutions for the MMF (Pinar et al. 2003; Kalafat et al. 2009; Örgülü 2011) have been attributed to the existence of such sub-faults.
Spatial distribution of earthquakes
We recalculated the hypocenters of the eight earthquakes in the KOERI catalogue that were within the OBS network by using data from both land stations and our OBSs (Fig. 7) . Because we used the 1-D velocity model of Gurbuz et al. (2000) , we used only land seismic stations within their study area (Fig. 7b) . Most of the recalculated epicenters lie within 2 km of the surface trace of the MMF (Fig. 7a) , although some of them are 3-10 km west of those of the KOERI earthquake catalogue. On average, the recalculated focal depths are about 5 km deeper than those of the KOERI catalogue. The difference of the hypocenter for event 1 of cluster-A (Table 1 ) calculated using OBS data only (red star in Fig. 7 ) from that calculated using both land and OBS data (orange circle in Fig. 7) is about 1 km. Therefore, we consider that the upper (shallow) limit of the seismogenic zone according to the recalculated focal depths is consistent within about 1 km with those obtained by using only the three OBSs for the initial 6 days of observation (Fig. 4) . On the other hand, the lower (deep) limit of the seismogenic zone according to the recalculated focal depths seems to be inconsistent with those obtained by using only the three OBSs for the initial 6 days of observation (Fig. 4) , because there are two earthquakes whose focal depth was deeper than 20 km (events E and F in Fig. 7a ). Although, we could not argue about event E because it locates away from the OBS network, event F located within the same area of cluster-A, and its focal depth is about 25 km. However, the P-wave first motion of event-F at site 6 was downward in contrast to that of all cluster-A events. If this earthquake did occur on the MMF with right-lateral strike slip, the actual location was likely farther west. Event-E Event-F Fig. 7 Hypocenters of eight events in the KOERI catalogue recalculated using both land and OBS data. a White circles are original hypocenters according to the KOERI catalogue; yellow circles (with error bars) are recalculated hypocenters. Red star and orange circle are hypocenters of event 1 of Table 1 estimated using only OBS data and using both land and OBS data, respectively. Magnitudes are those recorded in the KOERI catalogue (local magnitude). Other symbols are as in Fig. 4 . b Stations (inverted red triangles) used for recalculation of hypocenters we have insufficient data to discriminate between these two possibilities, we assume that the seismogenic zone within the OBS network is at depths from 13 to 25 km at the most. The Conrad discontinuity in this region has been estimated to be at 18 km depth (Bécel et al. 2009 ), so our results suggest that the seismogenic zone in this region extends into the lower crust. In a similar OBS-based study to ours, Sato et al. (2004) estimated the depth range of the seismogenic zone in our study area to be 8-20 km, a range about 5 km shallower than ours. Because they did not use land seismic data, we recalculated the hypocenters of cluster-A events recorded during our first 6 days of observation by using the same 1-D velocity model and method of station correction used by Sato et al. (2004) . This recalculation produced focal depths about 1 km deeper than those of our original results (Fig. 4) . Thus, we consider that the difference of the seismogenic zone we estimated from that estimated by Sato et al. (2004) likely reflects differences in the station distributions or observation periods, or both. Nonetheless, it appears that the maximum depth of the seismogenic zone is shallower than 25 km. The depth of the Moho discontinuity in the study area has been estimated to be 26-28 km on the basis of seismic reflection data (Bécel et al. 2009 ) and from receiver function analysis (Buyukakpinar et al. 2014) . We therefore concluded that the seismogenic zone in our study area is restricted to the crust.
Temporal distribution of earthquakes
To investigate the temporal distribution of seismic activity within cluster-A, we calculated CCs between the waveforms of cluster-A earthquakes and the 3-month continuous record of OBS data at sites 6 and 7. For this analysis, we used a record length of 8 s starting 0.5 s before the P-wave arrival of cluster-A earthquakes as a master data and applied a 4-8 Hz band-pass filter to the both master and 8 s length slave data from continuous a b c d Fig. 8 Time series of correlations between cluster-A waveforms and the 3-month continuous record. Correlation coefficients (CCs) > 0.7 are shown for both UD (red circles) and horizontal waveform components (black circles). a Event 1 waveforms recorded at site 6, b event 2 recorded at site 6, c event 13 recorded at site 6, and d event 6 recorded at site 7 (see Table 1 for descriptions of these events). Histograms of daily frequency of CCs greater than 0.7 (blue) and greater than 0.8 (orange) for both components are also shown records. Figure 8 shows the time series of CCs and daily frequency histograms for the few station-event pairs for which at least ten CCs greater than 0.7 were obtained for both UD and horizontal waveform components. Most of the high CCs were obtained for shallow events 1, 2, and 13 at site 6 in March (Fig. 8a-c) . We consider the high-CC distribution at site 6 to be more reliable than that at site 7 because cluster-A hypocenters are close to site 6, and interpret these data to indicate that shallow seismic activity in cluster-A had finished by the end of March. On the other hand, high CCs for event 6 (deep) were obtained at only site 7, and they were distributed throughout the 3-month period of observation and most of their CCs of less than 0.8 (Fig. 8d) . Thus, we could not draw any conclusions about temporal distribution of deep seismic activity because high CCs (>0.7) were obtained for only one deep event at site 7 (event 6; Fig. 8d ) and not obtained at site 6. However, there is a possibility that this is caused by the noisy UD component waveform at site 6 (Fig. 5c ). When we used only horizontal component of events 6 and 7 at site 6, the deep seismic activity also seems to finish by the end of March.
The KOERI earthquake catalogue records a swarm of earthquakes with hypocenters near cluster-A; most of these occurred between 13 and 18 March (Fig. 4) . The last earthquake recorded in the KOERI earthquake catalogue during our period of OBS observations was event 1 (Table 1) , which occurred on 20 March. We consider that the cluster-A activity we observed corresponds to the latter half of the swarm recorded in the KOERI earthquake catalogue and that the duration of that swarm was a few weeks.
To examine the long-term pattern of earthquake occurrences in the area of the above swarm, we considered the time series of earthquakes in the region of cluster-A from 2004 to 2014 according to the KOERI earthquake catalogue (Fig. 9 ) with considering the frequency (within 2-week intervals) of earthquakes. We included only those of magnitude >2.5, because there is no earthquakes whose magnitude is less than 2.5 in the KOERI earthquake catalogue in this region during the early 2000s. Figure 9 indicates the existence of repetitive swarms of earthquakes in the region of cluster-A with an average occurrence interval of 2-3 years. Such increasing seismic activity accompanied the episodic slow slip Number of events or transient slip has been observed in several regions in the world (Ozawa et al. 2003; Delahaye et al. 2009; Montgomery-Brown et al. 2009; Murray and Segall 2005) . Although there is no report about geodetic observation at the same time of swarm activities in our study area, we suggest that this regular swarm activity has a key role in the release of accumulated strain along the MMF.
Relationship of cluster-A to the large earthquake Bouchon et al. (2011) reported that the 1999 Izmit-Golcuk earthquake (immediately east of the Marmara Sea) was preceded by a succession of seismic bursts that originated from the eventual hypocenter of that earthquake, which was at the base of the brittle crust. This suggests the possibility that the seismic burst at the base of the brittle crust indicates the hypocenter of past and/or future large earthquakes. Although the duration of the bursts of seismicity that preceded the 1999 Izmit-Golcuk earthquake and the intervals between them (Bouchon et al. 2011) differ from those of the lower crustal seismic activity (events 6 and 7) within cluster-A, both sets of seismic activity had similar depths of occurrence. These similarities suggest the possibility that there was a large, previously unidentified earthquake under the Marmara Sea with its hypocenter in the region of events 6 and 7, the two deepest events in cluster-A. Cluster-A is close to the eastern end of the rupture areas of 1912 (M s = 7.4; Fig. 1b ) and 1766 (M w~7 .6) earthquakes (e.g., Altınok et al. 2003; Parsons 2004) . Although the hypocenter of 1912 earthquake was far from cluster-A (e.g., Ambraseys and Jackson 2000), we could not reject the possibility that cluster-A insist the hypocenter location of 1766 earthquake because its location is unclear. In addition, the most of seismic swarms detected in this study seems to contain one or more earthquakes whose focal depth is deeper than 15 km (Fig. 9) . Thus, monitoring of seismic activity at the base of brittle crust in the area of this repetitive swarm might be useful for understanding the potential for future earthquakes in this region.
Conclusions
Our analysis of data recorded by three OBSs we deployed for 3 months in the western Marmara Sea showed that most of the microearthquakes we identified occurred along the MMF, although one of them could not be explained by the characteristic right-lateral strikeslip motion of the MMF. Our data indicate that the fault plane of the MMF is almost vertical. We identified a seismogenic zone that extends from 13 to 25 km depth through the upper and lower crust beneath the western Marmara Sea, although these results are still preliminary and should be confirm by additional observation. The cluster of seismic activity we identified under the Western High of the Marmara Sea appears to be representative of repetitive seismic activity with an occurrence interval of 2-3 years that periodically releases some of the strain that has accumulated along the MMF.
We have shown that OBS observations can provide useful information about seismicity along the MMF. However, the three OBSs we used in this study did not provide sufficient coverage to shed light on seismicity along the entire length of the MMF beneath the Marmara Sea. We have already started the next 1-year observation by using 15 OBSs with extend both the duration of observations and the size of the study area, which will allow us to assess fault geometry and stick-slip behavior beneath the whole Marmara Sea.
